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In Brief
Dubreuil et al. investigated the regulation of tissue size homeostasis of the apical root cap in Arabidopsis. They show that the root cap size is kept constant by successive cycles of cell division and separation. Tissue size homeostasis is coordinated by an auxin gradient with a maximum in the stem cells and a minimum in the separating cells.
RESULTS AND DISCUSSION

Growth Homeostasis by Repetitive Cycles of Stem Cell Proliferation and Cell Separation
We tracked individual cells of growing Arabidopsis root tips over a period of several days in order to unravel growth dynamics in root caps (Figures 1A, 1B, and S1A). Mature root cap apices consisted of one stem cell tier and four layers of columella and lateral root cap cells, hereafter referred to as root cap layers, attached to the root body (phase I). At day 5 (phase II), a new columella layer was formed and the outermost cell layer was removed from the apex of the root cap. During phase II, the number of root cap layers was kept constant at four by repetitive cycles of cell division and separation. Cell growth and elongation compensated for the lost layers during phase II, and hence, the cap size remained constant (Figure 1B) . To test whether the number of root cap layers is coupled with stem cell activity, we moved seedlings after completion of phase I of root cap development to the surface of medium containing inhibitors or activators of cell division. In contrast to roots growing into the medium (live-cell tracking), cell separation of roots grown on the surface was incomplete, with separated cells of the apical lateral root cap and loosely attached columella cells of the same layer (Figures S1B-S1F). Repression of columella stem cell activity by inhibition of ethylene biosynthesis [7] decreased cell division and separation rates to an equal extent, and induction of stem cell divisions in presence of an ethylene precursor increased the rates of the division-separation cycle (Figures 1C and S1B-S1D). Similarly, application of the cell division inhibitors hydroxyurea and aphidicolin co-repressed division and separation rates equally such that the number of attached root cap layers was kept constant at four (Figures S1E-S1G). In 55 out of 56 cases, division of stem cells took place prior or simultaneously to the separation of the outermost layer ( Figure 1D ). Removal of root cap layers, evidenced by fractures between the very apical lateral root cap cells of the separating layer, was observed as early as 6 hr after cell division ( Figure S1H ), suggesting that cell proliferation triggered separation within the range of minutes or a few hours.
A Single Quiescent-Center-Derived Factor Is Sufficient to Coordinate Root Cap Growth To test whether a single niche-cell-derived factor could provide a robust signal to orchestrate cell division and separation, we built a mathematical model assuming that the source of the hypothetical factor are the niche cells, that the factor molecules undergo random motion, and that the transport between individual columella and stem cells is quantified by a transmission rate constant. In this model, elongation and separation of columella cells depend on the concentration of the niche-cell-derived factor. Independent of the initial values, the system rapidly reached a steady state where the concentration of the niche-derived factor decreased gradually with increasing distance from its source and where cell separation always succeeded division (Figures 1E and S1I-S1K; Video S1). Columella length remained constant within the limits of a fully elongated columella cell. Higher concentration of the hypothetical factor in the source resulted in a longer columella and more rapid cell division-separation cycles (E) Columella length modeled depending on factor release rate from source (blue, low rate; green, high rate). Right side shows concentration gradient after reaching steady state. AU, arbitrary unit. See also Figure S1 , Video S1, and Data S1.
(Figures S1L and S1P). As compared to changes in source concentration, columella length was relatively insensitive to changes in transmission rate ( Figures S1M and S1Q) . Similarly, the influence of threshold concentration, at which separation occurs, was relatively stronger than the influence of the transmission rate on the duration of division-separation intervals ( Figures  S1N, S1O , S1R, and S1S). Together, a concentration gradient of a single niche-cell-derived factor, established without the need of directional active transport, is theoretically sufficient to provide robust spatiotemporal information for root cap size homeostasis.
Cell Division Occurs at an Auxin Maximum-Separation at a Minimum Motivated by previous observations that auxin regulates cell proliferation and separation during organ abscission [8] [9] [10] , we visualized auxin response (DR5::GFP) in root caps ( Figures  1A and 2A-2C ). Before the onset of separation, the auxin response was higher in the outermost layer as compared to the interior (Figures 2A and 2B ). This distribution was gradually inverted to a response gradient with a maximum in the niche and a sharp decay in separating cells (Figures 2A-2C ). DR5v2::ndtTOMATO, a supposedly more sensitive auxin reporter than DR5::GFP [11] , was not co-expressed in all cells marked with DR5::GFP-derived fluorescence, and we therefore omitted this reporter from further analysis ( Figures S2A and  S2B) . In contrast to the basal root cap, where tissue size is kept constant by programmed cell death [12] rather than orchestrated cell separation, cells of separated apical layers remained alive ( Figure 2C ), ruling out that decreased auxin response in separating cells was a consequence of reduced viability. Both the auxin gradient and the viability of separated cells were confirmed by the analysis of DII::VENUS distribution, a reporter degraded in an auxin-concentration-dependent manner [13] , with a minimum in the QC and a maximum in the separated layer ( Figures S2C and S2D ). The observed reporter dynamics are in line with the idea of auxin as a niche-derived factor permitting cell separation below a certain concentration threshold.
Root Cap Growth Dynamics Is Regulated by an Auxin Gradient
To test whether shoot-derived auxin is required for the establishment of a local auxin gradient in the columella, we removed the shoot prior to the first cell separation event in the root cap. The auxin response gradient in root caps of decapitated seedlings decayed more sharply as compared to intact seedlings, and both columella length and number of separated layers decreased, although the number of attached layers remained constant ( Figures 2D, 2F , S2E, and S2F). These defects could be restored when an agar block containing auxin was placed on the site of decapitation, indicating that shoot-derived auxin contributes to the auxin gradient in the root tip and the regulation of columella size homeostasis. Besides auxin delivered from the shoot to the root, there is a local tryptophan-dependent source of auxin biosynthesis in the QC and the columella stem cells [14, 15] . Mutants defective in this biosynthetic pathway displayed a lower auxin response and had lower rates of cell division and separation and a reduced columella size (Figures 2E, 2G, and S2G-S2L). By contrast, adding auxin to the growth medium flattened the auxin response distribution, with significantly higher response in the three outermost layers ( Figure 2H) , and increased the number of columella layers and length ( Figures  2I and S2M-S2R) . Similarly, expression of the bacterial auxin biosynthesis gene iaaM in the outermost cell layers increased the number of attached columella layers (Figures S2U-S2W) . These data derived from the manipulation of the auxin response gradient ( Figures  2D-2G ) match with the prediction of the model ( Figure 1E ), where columella length and duration of cell-division-separations cycles strongly depend on the auxin concentration in the source. Chemical repression of cell division rates correlated with a significantly lower auxin response in the outermost attached layer (root cap layer 4) and shorter columella length as compared to control treatments, whereas activation of division coincided with a higher auxin response in root cap layer 5 and longer columella length ( Figures S2S and S2T ), indicating that cell division, elongation, and separation rates are co-regulated by auxin.
Auxin Transport Is Required for Columella Cell Elongation and Maturation
Cell wall remodeling, especially of the pectin component, is a prerequisite for cell separation in plants. The expression of the cell wall epitopes JIM13, JIM5, and LM8 [16, 17] , marking secretory processes of cell separation, was highly abundant in separated apical lateral root cap cells but absent in attached layers ( Figures 3A-3C and S3A-S3C ). JIM5, a marker for initiation of abscission [18] , was also present between the separating and attached columella layers, indicating that separation is initiated but incomplete in roots grown on the surface of a gel. Notably, none of the separation markers co-localized to cell walls between auxin-reporter-expressing cells, suggesting that a local auxin minimum permits secretion of these epitopes together with hydrolytic enzymes to induce cell separation. Previous findings that depletion of auxin induces secretion in cell cultures [19] are in accordance with this hypothesis. Inhibition of auxin transport flattened the auxin response gradient and partially blocked cell separation, as evidenced by layers of loosely attached cells and restricted expression domains of the separation markers ( Figures 3D-3F and S3D-S3G) . Because the auxin response in the outer cap of seedlings grown on auxin transport inhibitor was as low as in control roots, a local auxin minimum alone is not sufficient to induce cell separation. Decreased columella cell sizes indicate that reduced auxin response goes along with incomplete cell maturation and that such cells are not competent to be separated.
PIN Activity Is Required for Early Root Cap Development
The columella-expressed auxin efflux carriers of the PIN-FORMED (PIN) protein family, PIN3, PIN4, and PIN7, facilitate auxin transport from the quiescent center to the lateral root cap [20] . Although a pin3;pin4;pin7 triple mutant did not display any qualitative alterations in root cap organization, removal of PIN1 function from the triple mutant background aborted cap development prior to the first separation event ( Figures 4A-4C , S4A, and S4B). In contrast to PIN3, PIN4, and PIN7, PIN1 is only weakly expressed in the columella [21] . PIN1 expression in the provasculature presumably provides together with the columella PINs rootward auxin transport [21] . Hence, PIN-mediated delivery from shoot-derived or recycled auxin to the QC is of critical importance for early root cap development, whereas the columella expression domain of the PIN proteins plays a minor role in root cap development.
Stationary PIN Expression Patterns Partly Isolate
Separating Root Cap Layer from the Auxin Source in the Niche Cells After every stem cell division, the newly formed columella daughter cells acquired PIN3 expression while PIN3 was switched off in the third outermost layer prior to cell separation ( Figures 4D-4I and S4C-S4J) . Similarly, after cell separation, PIN4 and 7 expression was acquired in the second columella tier but lost in the second outermost layer ( Figures 4D-4I and S4C-S4J). Hence, relative to the position of the stem cells, the PIN expression domains remained stationary and loss of PIN expression in the fourth columella layer partly isolated the separating fifth layer from the auxin source in the niche cells. As suggested by a broader PIN expression domain in root caps grown on exogenous auxin ( Figures S4C-S4I) , PIN abundance is a function of auxin concentration, and therefore, loss of PIN expression in the fourth layer may reinforce the signal for separation and contribute to greater robustness of the system. Similarly, synchronization between cell division and separation may be more robust due to low PIN levels in dividing cells and acquisition of PIN in the newly formed columella cells. During cell division, prior to completion of the cell plate, auxin can freely diffuse between the two daughter cells. However, after division and repression of PIN at the inner face of the PIN expression domain, the outer columella is partly disconnected from the auxin source in the QC, and hence the difference in auxin concentration between stem cells and the adjacent columella layer might become bigger and more robustly interpretable ( Figure S4K) .
All of the columella PINs localized apolarly ( Figures 4D-4I ), and therefore, in agreement with the mathematical model, no directionality of auxin flux mediated by active transporters is to be expected. In other words, the gradient is shaped by auxin transmission, decay, dilution due to cell elongation, and loss due to cell separation rather than by a concentrating mechanism executed by polar PIN localization. Assuming a single source, this model for auxin distribution is self-organizing and does not require any other signal to robustly regulate size homeostasis. By contrast, polar PIN localization is required for the creation of auxin maxima instrumental for the initiation of lateral root and leaf primordia [22, 23] . In these cases, auxin is actively pumped against a concentration gradient and direction of transport needs to be coordinated over several cells, most likely requiring additional factors than auxin to establish PIN polarization. Although auxin gradients within cells could theoretically provide a cue for PIN polarization in a solely auxin-concentration-dependent manner, it is unlikely that a gradient can be maintained within single cells due to the rapid movement of this small molecule in the cytosol. Given that the auxin receptors localize to the nucleus, a relatively small portion of the cell, a cytosolic auxin gradient would need to be rather steep in order to create a significant and interpretable difference in receptor activity between opposing poles of the nucleus.
Auxin has been implicated in cell separation before. For example, local auxin applications to leaf petioles indicate that relatively high auxin concentration on the distal side of the abscission zone delay, whereas high concentration on the proximal side induces leaf abscission [8, 24] . Besides being a temporal cue, auxin is also important for the formation of abscission zones in Arabidopsis siliques and leaf petioles [8] [9] [10] . Similarly, as in columella stem cells, auxin response is high in the dividing cells that build these abscission zones [8, 10] . The development of abscission zones results in the formation of a few cell-tierthick separation layers, distal to which the fracture occurs.
Although it remains to be tested whether auxin gradients regulate the thickness of abscission zones, in a similar fashion as we observed for tissue size homeostasis in root caps, auxin response minima co-localize in both valve and leaf separation with the site of cell separation.
Both hypocotyl and root length can be manipulated by exogenous auxin [25, 26] , and auxin gradients may be important to measure the sizes of these organs too. In contrast to root caps, hypocotyls and root sizes do not oscillate due to sequential removal and regeneration of cell layers. Size measurement in these organs could be determined early in development by cell-autonomous factors. An example of size homeostasis, more similar to root caps, is the regeneration of intestinal epithelium. Epithelial stem cell derivatives move from the crypt to the villus, where they eventually undergo apoptosis and are removed from the epithelium. Gradients of different morphogens ensure that proliferation and shedding rates are equal, which prevents overgrowth of the tissue [3] . Interestingly, there are not only gradients with a maximum in the proliferative cells (e.g., Wingless and Wnt) but also gradients peaking in the mature part of the tissue, e.g., bone morphogenetic proteins (BMPs) [2] . Because BMP represses Wnt action, a simple feedback mechanism is in place to co-regulate cell division and removal rates. Although we did not find evidence for a cue antagonizing auxin in root caps, and although the mathematical model supports a one-factor regulation, it is likely that there is also an information flow from the separating layer to the stem cells. Unlike on agar plates, mechanical frictions to the root cap may vary rapidly in time and space due to the heterogeneous nature of soil. Premature removal of a root cap layer most likely has an impact on the shape of the auxin gradient (steeper decay), but this change might be too small to be robustly interpreted. Additional outside-to-inside communication, be it in form of a mechanical or hormonal signal, may therefore be required to induce compensatory growth of the root cap. Interesting in this respect will be to test whether ethylene signaling, which regulates auxin biosynthesis in the root tip and integrates mechanical signals [26, 27] , could account for such a component.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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Pharmacological treatments
For pharmacological treatments, seedlings were transferred to MS plates containing either 10 mM NPA (N-1-naphthylphthalamic acid, polar auxin transport inhibitor); 100 nM NAA (1-naphthaleneacetic acid, synthetic auxin); 1 mM ACC (1-aminocyclopropane-1-carboxylic acid, ethylene biosynthesis precursor), 10 mM AVG (aminoethoxyvinylglycine, ethylene biosynthesis inhibitor), 1 mM hydroxyurea (blocking DNA synthesis) or 20 mg/mL aphidicolin (blocking G-S transition) after completing Phase I of root cap development. Roots of seedling treated with NPA, AVG, hydroxyurea and aphidicolin appeared shorter than untreated controls. Roots containing dead cells in the columella, provasculature or other apical cell types except lateral root cap cells were omitted from further analysis. In contrast to roots grown into the agar medium, cell separation on the surface of a gel was incomplete, i.e., while the columella cells retained loosely attached to the root body, apical lateral root cap cells of the same layer completely detached. Such layers where scored as detached.
Live-cell tracking
To limit effects of observation on root cap development we grew Arabidopsis seedlings on MS medium into sterile chambered microscope slides (Nunc Lab-Tek), which permitted to keep the observation times short under sterile conditions and to move the chambered slides back into vertical position under greenhouse conditions immediately after examination ( Figure S1A ). Briefly, 4 mL of MS medium (pH 5.8; 1% sucrose; 0.8% plant agar) was poured into a sterile chambered microscope slide. A stripe (0.5 cm) of MS medium was removed prior to placing seeds into the groove between the MS medium and cover slide to allow roots growing along the slide in a vertical growth position. Like this, we manually tracked individual cells expressing DR5::GFP of growing root tips over a period of several days by confocal microscopy under sterile conditions. Cell sizes and average fluorescence was measured in manually segmented cells (ImageJ). Relative fluorescence levels were normalized to fluorescence of the quiescent center (QC). Decapitation and placement of agarose blocks were performed in the chambered slides without removing the seedlings. Seedlings were grown in absence of propidium iodide (PI) since we observed interference of the dye with plant growth. Confocal microscopy was carried out with a Zeiss LSM510 CLSM system and a C-Apochromat 40x/1.20 N.A. objective. Excitation wavelengths were 488 nm for GFP and PI.
Immunohistochemistry
Whole seedlings were fixed in 4% paraformaldehyde/PBS (pH 7) solution for 30 min under vacuum and washed three times with PBS. Root tips were dissected, transferred to Superfrost slides (Menzel Gl€ aser, Germany), and dried at room temperature. After drying, root tips were rehydrated in PBS for 10 min and were covered with a coverslip attached with double-sided tape. Blocking was performed with 3% BSA in PBS for 1 hr at room temperature. Primary antibody incubation was performed overnight at 4 C in 3% BSA in PBS, followed by incubation for 2 hr at 37 C. JIM5 was applied at a dilution of 1:10, JIM13 at a dilution of 1:100, and LM8 at a dilution of 1:100. ALEXA 568 was used as secondary antibody at 1:100 dilution and was incubated for 2.5 to 3 hr at 37 C. Finally, root tips were stained with 1 mg/mL DAPI (4',6-diamidino-2-phenylindole) for 15 min in darkness and mounted in Citifluor AF1. Confocal microscopy was carried out with either a Leica TCS SP2 AOBS. Excitation wavelengths were 405 nm for DAPI, 488 nm for GFP, 561 nm for ALEXA 568.
Model description
Change of the qc-derived factor molecules, s i , of cell i is due to decay of s and the net difference of s influx and efflux to neighboring cells. We let the decay rate constant, be denoted D. Reducing the problem to molecular transport in one direction (x-direction), molecules may leave cell i through cell boundaries with adjacent cells, i + 1 and i -1. Molecules may likewise enter cell i from either i À 1 or i + 1. The rate of molecules exiting cell i to a neighboring cell (e.g., cell i+1) through the boundary between the two cells is proportional to the concentration of molecules s i /Dx i Dy i Dz i times the surface area Dy i Dz i of the boundary and the transmission rate from cell i to cell i+1, T i,i+1 . Multiplying the factors together gives the transmission rate from cell i to cell i+1 as, T i,i+1 s i /Dx i. Different transmission rates between cells can be a result of, e.g., having different levels of transporter factors on different cell surfaces. We now formulate the change in s i over time, due to decay and fluxes between the individual cells, as Together with the boundary conditions; 4 qc , the influx to the first cell qc, and reflecting boundary at the outermost boundary of the last cell -we have a complete set of equations that describes the flux and decay of s i within the cell system. If we assume the diffusion rates T i,j , to be constant and independent of the factor s i , we can re-scale time in units of the decay rate constant t = Dt, to see that the transport properties of the system effectively only depend on the re-scaled transmission rate constant R = T/D. In addition, all cells except qc, are constantly growing. We assume that growth of cell i is proportional to the concentration of s-molecules. The growth is then described by the following equation
where, as in Equation 2 time is measured in units of the decay rate constant t = Dt. K is the growth rate constant, which is scaled with the decay rate constant just like the transmission rate constant. Two more components to the model are added. First, we let the stem cell sc grow from 0.5Dx qc to Dx qc with a growth rate given by Equation 3 , and, second cells are separated and removed if they have a concentration of s below a given threshold q s . Cell separation induces removal of s-molecules from the system and, as we will see, generates a gradient from the source of s-molecules at qc to the outermost cell. We solve the Equations 2 and 3 numerically to test which features can be reproduced in the dynamics of root cap growth with the assumption of having uniform and constant transmission rates between the cells.
QUANTIFICATION AND STATISTICAL ANALYSIS
Sample size (n) and p values (t test) are indicated in the figure legends. Bars represent mean values and error bars are standard deviations (SD). Length and fluorescence intensity was measured with ImageJ. For fluorescence intensities cells were manually segmented and mean fluorescence was measured.
